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and Thmas C. O'Bryan 

A description is  given of an NACA propeller  research  vehicle,  the 
McDonnell xE"88B airplane,  capable of tes t ing governin-g propellers up t o  
md sl ight ly  above Mach nmbers 03 1.0. Alti-Ludes up t o  40,000 feet   ere  
ettainable.  Progellers up t o  10 f e e t   i n  diemeter c m  be tested  with a 
maxhu~ power input of 2,500 brake horsepower at two ro ta t iora l  speeds. 
The a i rp lme is instrunenteed t o  obtein aerodynemic and structural  &&,a. 

Results  me  given of a flight.  investigation made with this  vehicle 
t o  determine the  aerodymnic  charecteristics of: a sugersonic  propeller 
at speeds up t o  a flighk Mach  number of 1.01. The propeller was designed 
for  a f l igh t  Mach nm-ber of 0.95, an advance r a t i o  of 2.2, an& a power 
coefficient of 0.22. At, the  design  flight Mach  number of 0.95, the pro- 
peller  efficier-cy was neasured t o  be 79 percent. A t  the rnaxi~~um obtained 
Mzch  number of 1.01, the  efficiency was 78 percent. T h r u s t  distributions 
obtained by the  use of a sligstream survey rake were of a  uniform na6-e 
plld showed  no discontinuity  typicel of subsonic  pro3ellers when operated 
under conditions which produce sonic  local  condi%ions.  Limited  theoretical 
calculations of efficiency  indicate good qreement  with  the  test   results.  

Several  years ago the  National Advisory Cormnittee fo r  Aeronautics 
realized  there was a need for  groviding  continuous  research 012 propel- 
l e r s  designed lo r  high  efficiency l o r  eirplanes of maximum rm!e et 
speeds up t o  Mech nuuber 1.0. These propellers would  be u t i l i zed  on 
airplanes on which rarlQe and efficiency of operation were pmamount, 
such as long-range strategic bombers, tadkers,  long-renge essault tram- 
ports, max5mum-endurance tactical-f  ighter bmIDerS, and passenger trans- 
ports. In order t o  study  the problem as a whole, including operation 
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under installa%ion  conditions  with a turbopropeller  engine  providing  the 
driving power, e. propeller  flight-research program was planned. The air- 
plane chosen for  this  study m s  a McDonnell XF-88 turbojet  airplane. Tne 
research  progrm is  a joillt A i r  Force-Navy-NACA effort .  The airplane and 
continuing  propeller  reseazch  equipnent  are  supplied by the U. S. Air 
Force. Tne Department  of the Navy supplies  the t u r b o j e t  and  turboprop 
engines. The research program and i t s  execution  are  the  responsibility 
of  t’ne NACA. 

Tne planned propeller  reseuch program i n  which the xF-886 propel- 
ler   resemch  airplane is used is composed of several phases and i s  an 
outgrcwth of a comprehensive study of conditions  affecting  propellers 
operating at  transonic speeds fo r  purposes of n?axFrmun range. These con- 
ditions  include  both  structural and aerodynamic fectors. Sone of the 
phases  planned f o r  investigation  are  tests of propellers  designed  for 
f l i gh t  Mach numbers mound 0.9 and an advance r a t i o  around 2.0, t e s t s  
t o  stuQ-  the  effects of w i z t i o n  in blade  root  thickness  ratio,  tests 
t o  study  the  effect of  blade shock interference, and t e s t s  to study 
effects of vmie.ti.m i n  design advance rat io .  E a r l y  in  the  preliminary 
phzses of the  research program it was considered  desirable t o  investi- 
gate first the  effects of changes i n  the  design acvance r e t i o  upon pro- 
peller  efficiency and  power absorption. Consequently, t h e   f i r s t  pro- 
peller of the  investigation is a supersonic  propeller having an advance 
r a t i o  of 2.2; the  prel7bamy  resul ts  of tests  with  this  propeller  are 
presented in references 1 and 2. The primmy aerodynamic resul ts  of t i e  
flight  investigation of tae  advance-ratio-2.2  supersonic  propeller  are 
presented  herein  together  with a description of the  vehicle. 

SYMBOLS 

V A  wee. of propeller  disk,  sq f t  

J b  blade .chord, f t  

cP specific  heat  at  constant  pressure, 6,006 f t - lb/s lugspF 

sec5ion l i f t  coefficient 

‘d b lde   s ec t ion  drag  coefficient 

‘d, f section  friction drag  coefficient 

‘d, i s ect  ion induced drag coefficient 
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propeller pok-er coefficient, ~ / p n W  

progeller  thrust coer'f icient,  T/pn%4 

propeller-thrust-coefficient  correction due to  sl ipstream 
rotztion 

propeller  diameter, f t  

acceleration due t o  gravity, 32.2 ft/sec2 

blade  thickness, f t  

t o t a l  pressure, lb /sq  ft 

propeller advcmce rat io ,  V/ZID 

lift-drag r e t i o  

free-strean Mach  num'oer 

propeller  rotztional speed, rps 

static  pressure,  lb /sq  f t  

power, ft-lb/sec 

radius of an element on blade fro=  center lfne of rotation, 

radid dimension t o  survey measurement, f t  

gas constent, 53.3 

free-stream  static  temperatme, OF abs 

tkwust, Lb 

V velocity,   f t /sec 

x = 2r/D 

xS = 2rs /D  

a angle or" &tack of b h d e  section, deg 

B blade  angle, deg 
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7 r a t i o  of specific  heats 

b" 
/ 

total-pressure  r ise in slipstream, ~ b / s q  ~ " t  

dB stagnation-texperature  rise in propeller  slipstream, OF 

9 grogeller  efficiency 

P density of air, slugs/cu ft 

PI angle of  advance, tar1 J/m, deg 

4f angle of rotation of slipstream, deg 

Subscripbs : 

2 local  conditions 

m free-stream  conditions 

t propeller  tip  condition 

T?e  Propeller Resemch  Venicle 

Shown in   f igure  1 i s  a view of the McDonnellXF-88B propeller  research 
vehicle.  This  airplane is ab le   t o   f l y  zt Mach nmbers in excess of 0.9 
in   l eve l   f l igh t  and is  c q a b l e  of exceedirg Mach Ember 1.0 in  dFves. 

General  characteristics.- The general  characteristics of the pro- 
peller  research  vehicle  are as follows: 

span, I"t . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  39.7 
58 Lengtn, fi. . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Wing area, so_ f t  . . . . . . . . . . . . . . . . . . . . . . . . .  350 . 
Sveepback at quarter chord, deg . . . . . . . . . . . . . . . . .  35 
wing aspect r a t i o  . . . . . . . . . . . . . . . . . . . . . . . .  4.49 
Weigh3 (agproxinately, depending upon propeller 

configuration), XD . . . . . . . . . . . . . . . . . . . . . .  22,000 
FGel  capaci-ky, 1b . . . . . . . . . . . . . . . . . . . . . . .  3,550 
Flight  endurmce  time  (approximately), min . . . . . . . . . . .  45 
Main  power plarrb . . . . .  Two Westingiiouse J34-WE-34 plus afterburners 
Proseller pover plant . . . . . . . . . . .  Allison XT38-A-5 turboprop 
Turbo j e t  t'nrust zt take-off (twa engines), lb . . . . . . . . .  6,600 
Psrboprap power a% sea level, shp . . . . . . . . . . . . . . .  2,900 
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Propeller  rotational speeds avzilable at 100-percent 
engine  speed, r p m  . . . . . . . . . . . . . . . . . . 1,700 and 3,600 

Maximum propeller  diameter  available f o r  t es t ,  -+t . . . . . . . . . 10 
Propeller drive system.- The engine tha t  d-ri-ves the  test   propellers 

i s  an Allison XT38-A-5 turboprop  engine which h ~ s  t'ne comercial  designa- 
t ion  of Model 5Ol-Fl. This  basic power plant and later  versions are used 
in several  present-dey  airplanes. The  power section  includes a single- 
entry  multistage  axial-flow  conpressor, a se t  of eight  conbustion chambers, 
end a  four-stwe  turbine. The special gearbox provides two propeller 
rotational speeds of' 1,700 rpm and 3,600 rpn at a power section rotational 
speed of 14,300 rp. Either of tnese  propeller  rotational speeds can be 
made available by selection of gear  sets during the gembox  assembly. 
Figure 2 shows the power section and this   special  gearbox. The gembox 
weighs k45 pounds i n  the  1,700 rpm assembly me 350 pomds in the 3,600 rpm 
asse2Sly; the  difference i n  weight is caused by the elimination of the 
planetmy system i n   t h e  gearbox  used for  a speed of 3,600 rpm. 

The propeller hub assenblfes t o  which the  resemch  blades me f i t t e d  
are  electrically  controlled. The  hub grovides f o r  a rate-of-pitch change 
of a m&yimux of 2O per second with  a  renge from f l a t   p f t ch  to feather. 
Tb-e selection of these  assemblies w a s  based on the following main factors: 
(1) maxinun availa'nle  blade  retention  capacity t o  provide maximum latitude 
in blade  design; (2) maximum blde-twisting-=orneat  capacity t o  provide 
maxinun h t i t u d e  ir blade  design; ( 3) minimum  hub diameter; and (4) ade- 
quate hub r e m  ex-bension to provice  space  for a spiJLner thrust  isolzticm 
bearing between the  pitch  controls and gearbox. These factors axe out- 
lined in reference 3. The design  strengt.hs of the  propeller hubs are 
outlb-ed i n  reference 4. 

The si-ls  supplied t o  the  e lectr ic  motor tht change the blade 
pitch  are  IWnished by an electronic governor. Details of the  electronic 
governor are  outlined in  reference 3, as mentioned previously.  Vmious 
time  constants have been provided t o  be used with  the  electronic governor; 
the time  constant  used depends on the  propeller being tested. These t ine  
cor-stmts  refer t o  the  response of the  blades to   t he  change in r o t a t i o n d  
speed. 

Test  Propeller 

Aerociynamic and structural  considerations  underlying  supersonic  pro- 
peller  design  are  outlined h several  reports,  for  instance,  references 5 ,  
6 ,  and 7. The supersonic  proseller of this  investigation is  designed fo r  
a  forward Mach  number 02 0.95 and a power coefficient of 0.22. Since  the 

' propeller is a  supersonic  type, it is  designed f o r  optimum prof i le   e f f i -  
ciency and the  design advznce r a t io  (2.2) is such that  the  propeller 
operates at, rn opthum advance mgle in keeping  with  the fac t   tha t   p rof i le  
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efficiency is  a rrx~~imum at  an angle  of advance  of about 45'. This  design 
procedure produces higher  rotational speeds than  those of conventional 
propeller  design and requires low thickness  ratios, as low as is con- 
sistient  with  structural  integrity. 

The supersonic  propeller is a model of  t'ne Aeroproducts  =-foot- 
diameter  propeller  that was designed t o  absorb 7,500 horsepower Fn its 
full-scale  version. The propeller is .a three-blade  configuration  with 
a 7.2-foot  diameter. The blades were fabricated Tram sol id  steel having 
an ultimate  tensile  strength of 180,000 pounds per s q w e  inch. The pro- 
pel ler  has NACA l6-series sylrolletrical airfoil   sections  with a tapered 
plan Torn f ' m m  11.1-inch root chord t o  en 8.4-inch t i p  chord. The thick- 
ness  r&io  varies from 6 percent at the  spinner  juncture t o  2 percent at 
the   t ip .  Fne blade-form curves are shown in  f igure 3. The vibratory 
bending end torsional  chmacterist ics of this  propeller were given in  I 

reference 1. The propeller w a s  tested i n  confunction  with a 41° conical 
spinner  vhich was sealed at the base  but open at the blade  juncture, as 
shown i n  l igure 1. 

I 

INSTRUENTATION ALUD DATA REDWITION 

The XF-88B airplane is instrumented t o  gather aerodynamic and struc- 
tural i n f o m t i o n  concerning the  propeller undergoing Fnvestigation. 
QuantitSes measwed  produce the  following  infornation: Power, thrust, 
propeller  efficiency, root blade angles, bending stresses, steady and 
vibratory,  torsion  stresses,  steady end vibratory, and rotational speed. 
Along with  this,  certain measurements of general  informetion  are  recorded, 
such as airspeed, VIch  number, free-ajT temperature, t h ro t t l e  and gov- 
ernor  control  position,  altitude, normal acceleration and longi tudhal  
acceleration. A schematic drawire; showin& the  instrwnentation is  pre- 
sented  in  figure 4. 

Power  Measurements 

The  power input to  the  propeller gembox is  neasured by an Allison 
torquemeter. A cuteway  drawing of % h i s  torquemeter is shown in  figure 3. 
The torquemeter was originally designed es a comaercial w-it for  EL 
k,OOO-l~orsepower turbine engine. Although dequate  for the original 
intent  the unit required  extenstve  modification  before it w a s  suitable 
as a research  tool on the XF-88B propeller  resemch  airplane. A complete 
description of the modified  torquemeter unit is conteined i n  appendix A. 
Power is  considered t o  be accurate t o  +20  horsepower or a LCp of 0.003 
a t  30,000 feet .  
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Propeller thrust  is aeesured by a s l i p s t r e a  survey  rake Fn e. mmer 
described in  reference 8. lncremental  or  section  values may be used 
direct ly   or ,   i f   to ta l   thrust  is desired,  integrated from the  fuselage 
surface to the  rake  station showin@; zero incremeotal  thrust. The survey 
rake used on the XF-88B propeller  research  airplane is shown Fn figure 6 
and details of a probe =e shown in f u m e  7. This probe  measures totel- 
pressure  rise and s ta t ic   presswe.  The reference  total-pressure  tube is 
a t   t h e  extreme  end of the  survey  rake  out of the  influence of the pro- 
peller  sl ipstream Recording nmometers register  the  difference in  total“ 
pressure  rise between each  probe and the  reference  probe. This to ta l -  
pressure  r ise is e function of propeller tl?rust. 

I 

Incremental thrust was determined from measurements of total-pressure 
r i s e  i n  the  slipstreem  in  conjunction  with  free-streem  conaitions. From 
reference 8 the  equation  for  thrust i s  I 

J 

Under conditions of survey  covered by thfs  paper  Chis equztion can be 
reduced to the  short-forn  equation,  also found in  reference 8: 

or 
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and in   thrust-coeff ic ient   fom 

Values of section thrust coefficient w e r e  c&lcuh.ted for a f e w  cases by 
both  the  short-fom and long-form equations and were conpared and found 
to agree  within  the  accuracy of the measurenents.  Consequently, the 
remainder of the  section  thrust  coefficients are calculated by the  short- 
form eq-akion. The tlhrust distribution  detemined from the  slipstreem 
survey i s  considered t o  be ace-urate t o  k2.0 percent. 

The total   thrust   coeff ic ient  vas  determined from integration or" the 
total-pressure  r ise i n  the slipstream  in  conjunction  with  free-stream 
condi+,ions fDr both  the l e f t  and right  rakes and then sver.zging these 
-Lvo val1Jes.  Thus, t l e  equation for the  thrust   coefficient is the  integral  
of equation ( 4) or, 

5/7 

CT = rnd(XS2) ( 5 )  

i 
I -  " t  
I Inasmuch as the  tztal-pressure  probes are insensi t ive  to  small 

changes in. angle, the thrust  cdcula-led in tkLs fashicg-does -not account 
for   rotzt ion of t h   s l i p s t r em.  A correction for slipstream  rotation 

-&--was m a d e .  =s..ax=tion+ a *ction of sec- 
was determined Sy xeas-we  ent  of  sliptream-stagnation- 
as outline& in rer'erence 7. This  correction  averages 

a b 0 u - t  percent. 

Efficiency 

Propeller  efficiency is the   ra t io  of t'nrust produced t o  power 
absorbed zul t ipl ied by the  true speed of %he airplane: 

T 
P 

q = -v, 
. 
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IC terms of nondinensional  coefficients,  equation ( 6 )  i s  expressed as 

v = - J  CT 
CP 

The eTficiency measurements reported  herein  are  considered t o  be accurate 
t o  +-3 percelzt. 

Blade Angle 

Blade zn-gles are  indicated by a precision  blade-angle  indicator 
which was manufactured by the  Propeller  Division of CurkLss-Wright 
Corporation and  which consists 03 a propeller-hub-nomted  transmitter 
=it geared t o  t'ne propeller  blades tho-cgh the  propeller power gear, 
airplsne-mounted electronic  anpliI"ier, &nd both a recording and pmel- 
mouted VTSUEL~ irxEcatillg  instrument. The recording  instrunent WES pro- 
vided by the NACA. The blade-angle  readicas may be repeated t o  within 
%.lo. A cornplete description of this  precisior,  bl&de-m!le  instrument 
is available in reference 10. 

The remaining general  instrumentation is standard IUACA flight- 
research  inst-runentation. 

Test Procedure 

The normal f l i gh t  -proceCure is  generally es follows: The airplane 
is towed t o  the end 03 the rmway, clezsance is obtained from the tower, 
eod the J-34 j e t  engines m e   s t a t e d ,  checked, and afterburners  f ired 
for t&e-off. In order t o  conserve fuel  the  at'terbwners  are  cut off 
an& the T-38 tu_rboproy started. et 20 a l t i tude of 5,000 feet  t o  assist 
in the clim5. 

Level-Tlight Mach nunbers up t o  approxhately M = 0.9 can be 
obtained by  us- both  the 5-34 turboje t  engires with afterburners and 
the T-38 turboprop  engine. Mzch nw-bers up t o  md s l igh t ly  above 1.0 
can be obtained i n  pushovers t o  dives of 300 f r m  40,000 feet .  

Data are corrkinuously recorded as the  pflot  accelerates f r m  0.5 %ch 
number up t o  the maximuzr, t e s t  Mach number.  The prof i le  of a typ ica l   t e s t  
shows a  level-Plight  acceleration ug t o  M = 0.9, followed by a dive t o  
the mzximun  Mach  nnT:ber obtail.lzble. 
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Thrust  Distributions 

Thrust distributions for   the  ent i re  range of test Mach nunbers are 
shown in figure 8 and are presented as variations i n  total  pressure  with 
radial stations  for  both lei3 and r ight  survey  r&es. These total-pressure 
distribut  ions  indicate a smooth unif orn distribution  with no breakdowns 
i n   t h e  outboard  regions which me c k a c t e r i s t l c  of subsonic  propellers 
encountering  compressiioility  losses.  This is due t o  the fact that ogera- 
t i on  has already  passed into the  supercritical  region over the  entire 
propeller. For example, t h e   t i p  Mach  number at a design Mach  number 
of 0.95 is  approximately 1.6. The thrust distributions  are  presented 
t o  show the behavior of a supersonic  propeller through the Mach  number 
range of t e s t .  It is t o  be noted that  the  incremental thrust extends 
past   tne  propeller  t ip  station (+2 = 1.0) ; this  extension i s  due pr i -  
marily t o  the expansion of t he   a i r  mass by the  conical  fuselage end 
spinner. 

Shoxn in figure 9 are  the two typicel  thrust   distributions computed 
from the measured tot&-pressure  distributions by use of the  short-form 
equztion (ea_. ( 4 ) ) .  These curves  again  reflect  the uniTorn distribution 
of total pressure as measured  by the  slipstream  survey  rakes. 

The characterist ic  difference  in  thrust-distribution  levels between 
the  r ight  end l e f t  survey  rakes is shown in  figures 8 and 9 and 5s a 
resu l t  of inclir!t ion of the  thrust  axis. The decrease in difference 
between r ight  8n_d l e f t  thrust distributions as Mach  number increases 
( f ig .  8) is  representative of the decrease  in  angle of inclination of 
the tlwust  axis,  vhich  reflects  the  usual  decrease in -le of attack 
of the  a i rplme with  increasing Mach nunber. The difr’erence  continues 
t o  decrease until at M = 0.85 the t w c  surveys ere nearly  coincident; 
this agreemen-l indicates  near  zero  engle of inclination of the  thrust  
axis. A t  M = 0.90 the  survey  distributions  cross over, tha t  is, the 
l e f t  distribution is  higher thm  the   r igh t  and a negetive  angle of 
inclination of the  thrust   axis is therefore  indicated.  Further  increese 
i n  Mzch  number t o  M = 0.95 results in  the  recrossing of the survey 
d is t r ibu t ims  and q a i n  a positive  angle of inclination is indiccted. 
The vmiation of thrust   axis -le indicated by the survey distributions 
i s  in agreement with the measured. angle  variations i n  reference 1. 

Vmiation of  Aerodynerzic Characteristics 

Wit?? Mach  Nuxber I 

Shown in  f igure 10 are the varriations in  propeller  efficiency, 
power absorbed,  zdvmce ra%io, and thrust  coefficient  with forward f l i gh t  

I 

t -  
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Mach  number for  f ive  different  tests at constant  propeller  rotational 
speed of 3,500 rpm. Varriztions i n  ambient temperetures show  up as chmges 
in advance r e t i o  a d  power coefficient at a given Mach number.  The veri- 
ation  in  propeller  efficiency  with  f l ight  mch number is conpm&tively 
I l a t ,  being ebout 80 percent at Mach  =umber 0.70 and droppi-ng off s l igh t ly  
as the speed i s  increased t o  M = 1.01. It is interesting  to  note  that  
the  propeller  efficiency at the  highest   f l ight Mach nuQber of measure- 
ment - th&t is, Mach nunber 1.01 - is 78 percent. A t  the  design advance 
r a t io  of 2.2, and Mach  number 0.gj the  propeller  efficiency shows an 
average  value of 79 percent. 

1 

Installation  Effects 

Interference  effects o f  spinners on the  operation of propellers i s  
an important  parameter influencing  the flow  through  the  plane of the 
propeller. A n  investigation of the f l o w  mound a conical  spinner was 
reported ir reference ll. The t e s t s  were made wfth e durrmy nonrotating 
spinner of the same design as v.=s used on the xF-88B airplane in  the 
tests  described  herein and und.er similm flfght  conditions as those of 
the present  investigation. Reference 11 and unpublished data indicate 
a  redizction i n  the  flow  velocity in  the   ghne  of the  propeller in the 

believed that this reduction  in  air-flow  velocity  prevents any occw- 
rence of shock interference between djacent  blades,  although  the pro- 
pel ler  of this  investigation i s  operating in  e region where it would  be 
expected to cone under the  influence of shock hterference.  Figure 11 
shorn the   vmiat ion  in  blade  angle, rotatiomal speed, md Mach nwber 
during  a  typical  flight. As can  be seen, the  value of blade  angle minus 
the  geometric  helix -le i s  f e i r l y  uniform  and shows no abrupt  Fncrease 
es might be expected ir” trailing  blade shocks should start destroying 
the l i f t  on adjacen3  blades.  Point-by-powt  analysis of every  flight, 
analyzed in  the manner  shown in figure 11, Fndicates no evidence of t’nfs 
shock interference. Reference 12 presents  a  discussion of the shock- 
interference problem &s applied  to  propellers. 

r neighborhood of 15 percent a t  forwaxd Mach numbers around 0.95. It is 

f 

Compazison or” Experimental Results With Theoretical 

Calculations end Other Da%a 

Figwe 12 presents some compazisons of the measured propeller  effi-  
ciencies  with  theoretical  calculations and with u-n-published emerirnental 
wind-tunnel data  obtained by Cornell  Aeronautical  Leboratory on a 4-foot- 
dianeter  version of the  propeller  discussed  herein.  Figures  12(a) and 
12(b) show a cozparfson at forward Mach  Izu-rllbers of 0.85 and 0.90, respec- 
t ively,   for which data  are  available from the  Cornell  Laboratory. These 

w e  12(c)  preseEts  the  flight-measured  efficiencies and theoret ical  

I 

c 7 data  are  plotted as propeller  efficiency  against advance r a t io .  Fig- 

”- 
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calculations  at a Mach  number  of 0.98. No data m e  available  from  the 
Cornel1  Laboratory  at  this  Mach  number.  One  set of theoretical  calcula- 
tions w.=s made by Aeroproducts,  the  designers  of  the blade, end  one  set 
was male by  the  authors  of  this  report.  The  calculations  made by Aero- 
products  are  outlined Fn references 13 and 14 in which an efficiency 
loss for  shock  interference  was  included in the  region  wherein  shock 
interference  might  be  expected.  The  authors’  calculations  were  made by 
use  of  stris  theory  and  did n9-L include any loss due to shock  interference. 
The  calculations  assumed  operation  at  peak  efficiency.  Airfoil  section 
characteristics  for  use in the  strip  calculztions  were  calculated by 
Ackeret’s  second-order 
The  equat  ions  used  for 
region  are  as  follows: 

theory  modified to account  for  thickness  ratio. 
calculating  these  data  in  the  attached  shock-flow 

where  Cd,f  is  assumed  equal  to 0.005. Fron these  equations  the  lift 
coefficient  for  maximum L/D as well as  the L/D can  be  calculeted. 
In the  region  vhere  these equations cannot be  applied,  data  have  been 
obtained from the  Langley 2binch high-speed-tunnel  experimental  results, 
some of which :have been published in reTerence 13. The  elteration in 
the f l o w  velocity  caused by the conical  spinner  (ref. 11 and  unpublished 
data)  is  also  included  in  the  calculations  end  is  shown in figure 13. 
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I This  alteration amounted t o  a reduction Fn section Mach  number which, 
of course, is reflected as an increase i n  lift-&rag r a t io .  This efTect 
must  be small as evidenced by the  flatness of the  experimental  efficiency 
v u i a t i o n  with Mach number. It vas assmed  that  maxhum lift-dre@;  ratio 
was attained at the reduced Mach  n-umbers. 

It can be seen  that  there i s  better agreement between the  f l ight  deta 
end both se t s  or" theoretical  calculatFons et ~Mach numbers 0.85 and 0.90 
(f igs .  12( a) end 12(b) ) then at   lkch number 0.98 (f ig .  12( c) ) . Tln-e f l i gh t  
d a h  axe in  closer agreenent  with tae  authors'  calcul&tions Et Mach nun- 
ber 0.98 thm with the Aeroproducts calculations. One explanation  ?or 
this  difference is the amount  of loss atfzibuted t o  shock interference 
by Aeroproducts. The  amount  of t h i s  loss according t o  reference 13 is  
on the  order of 4 t o  5 percent. 

The paucity of two-dimensional a i r f o i l  data in  these  regions of 
oseration  suggests that theoretically  calculated  values of propeller 
efficiency  should be used with caution. It appeers, however, from the 
f a i r l y  good agreement of f l i gh t  data, wir-d-tunnel data, end theoretic& 
ca1culai;ions thet,  over the  limited  ogerating range of the  turb7he  enghe 
a% high forwad speeds, good efficiency is the  case  throughout. Small 
differences in power coefficient  apperently have l i t t l e   e f f e c t  on e fX-  
ciency  as  the  blade  angle  cbmges  only  minutely and contbues t o  operake 
in e region of peek l if t-dreg  ratio.  

Results  are  presented or" a flight  investigation r d e  with e. pro- 
peller  research  vehicle,  the McDonnell XF-88B airplane, t o  deternine  tne 
aerodpmic  chmacter is t ics  of %. typicel  supersonic  propeller at speeds 
up t o  z f l igh t  Macn  number of 1.01. The propeller m s  designed for a 
forvard Mach  number  of 0.95, an advance r z t io  of 2.2, and EL power coef - 
f ic ien t  of 0.22. At tne Cesign f l i gh t  Mach nunber of 0.95, the  propeller 
efficiency w&s measured t o  be 79 percent. A% the naxirriu?r?kch nu?ber 
obtained (14 = 1.011, the  efficiency w a s  78 percent.  Thrust  distributions 
obtained by the  use of a slipstreen survey  r&e were of a uniform natu-re 
and showed no discontinuity  typical of subsonic  propellers when oFerated 

. 
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under conditions which produce sonic  local  conditions. Limited  theo- 
retical   calculations of efficiency  indicate good  agreement with the test  
results.  

Langley Aeronautical  Laboratory, 
Natianal Advisory Committee f o r  Aeromutics, 

Langley Field, Va., April 25, 1957. 



NACA FOf L5p20 

APPE3lDIX A 

DESCRIFTION OF TORQUE3WTEil 

The electrolzic  torquemeter used t o  determine power input t o  the 
propeller gearbox is a modified commercial unit  originally  designed  for 
a 4,000-horsepower turbine engine. A general  description of the com- 
nercial  unit  is  contained in reference 16. The comn?ercialtora_uemeter, 
elthough  adequzte for  i ts   original  design purpose of as1 operational  indi- ' 

cating  inst-ment, was inadequate BS a research  tool. It was therefore 
necessary t o  mdify  extensively  the unit t o  neet  the  emcting demands 
of a research  instrument. The description of tZle modified unit  i s  given 
herein. A breddown of the torquemeter i s  shorn Fn figure 5. The elec- 
tronlc torquemeter  consists ol" three  mjor  units:  (1) the  drive-shaft 
unit, (2) the pickup  housing unit, and. ( 3) the  electronic  amplifier  unit. 

The &ive-shaft unit consists of two concentric shafts, which replace 
the standard drive-shaft uzlit. The inner  shaft (torqize shaft)  used  to 
transmit  the  torque from the  engine t o  the gembox twists in   popor t ion  
to  the  torque load. The outer sh-t (reference  s 'kft)  is rigidly  attached 
t o  the  torque shaft a t   the  engine end a d  is free  a t   the  gearbox end. 
The reference s:Mt rides 02 sleeve  bearings over the  torque sh& t o  
prevent l a t e r a l  movements between the two .shzfts. A t  the gembox end of 
the  6r ive-shet  m-it, two rows or" exciter  teeth  are lrounted in -Lan6ex, 
one row mounted on the reTerence shaft md one  on the  drive  shaft. The 
torque  icgut to the gearbox varies  the ermla3. displacement between the 
two tandem rows of teeth because of the twist of the  torque shaflt. A 
calibration of the  drive  shaft as a. fmctior, of s ta t ic   torque md amgular 
displacenent w a s  mde  prior t o  t'ne instal la t ion in the  a i rcraf t .  

The magnetic-pickup  housing unit, which replaces  the standard torque- 
shaf t  housing, is attached  rigidly t o  the engine and gezsbox and surrounds 
-Lhe torque-shaft  unit. Mounted h the housing a-b the gearbox end direct ly  
over the tandem r0h-s of teeth eze  three magnetic  pickups. Two are  mounted 
over the  reference row or' teefh  (calibration and reference  pickups) and 
one over the  torque r o w  of teeth  (torque  pickup). As the  teeth  pass  the 
magnetic  pickugs, the  chmae in- the magnetic f i e l d  is noted as an impulse. 

The imgulses from the magnetic pickups are  passed to the  electronic 
unit where the  hpulses  are  clipped, shargened, mplifieci, end passed 
through a multivibrator c i rcui t  vhere the  relative angular displacement 
between impulses is converted t o  an electric  current. T h i s  current is 
passed t o  E recording galvanometer where it is recorded  as  a moving trece 
l i ne  on T i l m .  
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Ilz order t o  messure torcpe  izsut to the gearbax, the impulses from 
t'r-e referer-ce  pickip over the  reference-teeth row end the one torqce 
pickup  over the  tcrs_ue-teeth rov are ut i l ized.  The impulses f i a m  tne 
calibretian and reference piclmps mouted over the  reference-teeth TOW 
are used t o  ad.just the  torque  output  readings  for  sensitivity changes, 
m p l i f i e r  lqs, a d  magnetic-pickup lags. 

The torque-shaft  tvist -le maa- be determined from the  output 
readings by t5e Tollowing equa-ion: 

0 8.13' 
123 12O 

" 

and the torq?Ge  oldtpdt ray be &eter?r.i-?,ed  by the  eqmtion 

Q = K0 

torque delivered  to  propeller  shaft 

torque-shzft  twisting  corstant determined from sta%ic  torque 
t e s t s  (this value  vwies  with  operathg  tempereture of torque 
shzft)  

phese-male change  between e. reference and torque  shaft due to 
power delivered to  propeller  shaft  

phase  angle due to i n i t i a l  mg~lex displacement betweer- re?- 
erence md torque-teeth roxs and  between reference an& torqie 
mgnetic  pickuss  (included  in  this  tare i s  gembox loEd; t h i s  
must be edj-sted  s1Lghkl.y fsr powers delivered t a   p rose l l e r  
shaft, as   eqlained subsequently) 

galvanometer deflection due t o  reference  pichp trigger;- the 
unit "cntt a d  calibrztion pickup triggering  the  unit  of5 
( this   s ignal  inclufies a q l i f   i e r  lsgs an& piths lag between 
reference and calibration  pickup) 

galvanm-eter  deflection &Je to reference pickup triggering  the 
unit  on ar,d +,orque gickup  triggeripa  the  unit  "off" (this 
signal 2"cludes anplifler lag and d i f fe ren t ia l  lag between 
reference and torqxe Ficicugs) 

t1 : I  
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. E sensi t ivi ty  of instrument, that  is, the galvanometer deflectior- 
with  current "on'' only (it is a rezresentztion of a 12O phase- - erlgle difference  without lags) 

9T-C phase Etngle due t o  different ia l  lags between calibration and 
torque  menetic  pickups 

The value of 8.13O used in equation (-41) is the angular displacenmt 
between the  reference and calibretion magnetic pickups. 

From equztion (Al) it mey be seen  that, by Imo-&I the  torque out- 
put, as Ln t e s t s  wLthout e propeller,  the  relations  contained i n  the 

last  bracket of the  equztion 
e tme + ~ T - C  

12O 
nay be solved. Once th i s  

value is known, the torque-sha_ft t w i s t  angle may be solved  for under t e s t  
conditions  through use or" equation (-41). . 

It is of importmce  here t o  point out that  t i e  rel&t,ion  used t o  
determine  torque  automatically  takes care of the  ampllfier 1-s and t3at  
the pickup lags e l l  cmcel  except  the differential lags between the  torque 
and reference  pickups. The anplifier lags i_n_ %??e past have chznged i n  
an unpredictable m e r ;  pickug lags, however, heve not  chaged  appre- 
ciably  except  after an engine change. 

Under ectual  test  conditions,  the  values of E, KT, and RC m e  
automztically  recorded  every minute durillg a   t es t .  In ad&itio_n_ t o  these 
signals i s  the  sFgnal C R Y  which i s   t h e  galvenm-eter  deflection due t o  
the  calibration pickup  trigger1b.g the  uni t  "on" and the  reference  pickup 
triggering  the  unit  ''off.'' T h i s  signel also in-clucles amplifier lag and 
the  Cifferential  pickup lags between reference  and-calibration nickup. 
It cerl  be see= that by the  addition of RC uc5 CR the  value w i l l  be 
i error from E" by twice  the  amplifier lag difference, with the pickup 
leg dropping out. Also, the difference of RC e-n-ci CR w i l l  be i n  error 
from 4.26O by twice  the  pickup d i f f e r e n t i a l l w  between Ii zsd C pickups, 
with  the  anplifier l q s  droppirg out. This will enable  a  continuous check 
of e l l  vaxizbles  in  the system except a 1% change tn the  torque  nagnetic 
pickup (as previously  steted, pickup lags h&ve remained relat ively 
constmt) . 

The torcue  as  deterxined by the  equation Q = KC3 is  actually the 
torque  Lelivered t o  tne  propeller  shaft at zero  torque  loa&. In order 
t o  deterrrlne  the  tarque  input t o  tne  pro2eller,  the  reedings have t o  be 
corrected for  gearbox loads 'which very w i t h  torque loaci. Th i s  correc- 
tion is obteined f r m  a Zectory test on a lactory  Lnstelled dynanoxeter. 
The lozd a t  zero  torque .mounts t o  agproximately 15 horsepower for  the 
3,600 rpn gearbox and 25 horsepower for the 1, TOO rpm gearbox. T h i s  
load increases  linezrly by &pproxirnztely 10 horsepower when 2,500 horse- 
power is delivered t o  the  propeller  shaft. a addi-llon, the oper&.ting - 



temperature of the  torquexeter  homing is measured t o  dete,mine the 
correction  to ep2l.y fa r  c m g e s  in  the  torsional modulus of e l a s t i c i ty  
of the  torque shef"l. Tais chaz?e amaunts t o  roughly  0.5-percent change 
fn  torque  readings  per 30° F chenge in  the  sh&t  teqerature.  
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Figure 1.- The  McDonnell D-8m propeller  research  vehicle with t es t  propeller. L-91-65? 
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Figure 2.- The T-38 turboprop engine showing the power section m d  special gearbox. 
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Figure 4. - Instrumentation layout on  the McDonnell XI?-& airplane. 
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Figure 5. - The Allison tor quemeter , 
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Figure 6. - The s l i p s  Lream survey rake mounted on the McDonnell n - 8 8 ~  propeller research vehicle 

for  calibration flights . 

1 I 

" 

. 
" 



I I 

" 

r"""4"- 1 

i 
Figure 7.- "pica1 survey rake probe and support strut. A l l  dimensions are i n  inches. 
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(a) W = 0.60, J = 1.501, Cp = 0.188, Mt = 1.392. 

Figure 8.- Total-pressure grading curves as measured w i t h  the  slipstream 
survey rake. 
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Figure 8.- Contbued. 
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( c )  M = 0.70, J = 1.756, Cp = 0.204, Mt = 1-43?. 

Fisgure 8.- Continued. 
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(j) M = 1.01, J = 2.35, Cp = 0.226, % = 1.689. 

Figure 8. - Concluded. 
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Figure 9.- Thrust distributions of the test propeller and conical spinner. 
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(b) M = 0.97, J = 2.271, Cp = 0.210, Me = 1.656. 

Figure 9.- Concluded. 
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t h e  XF-88B airplane up t o  bkch nmber 1.01. 
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